Detective properties of a GaAs-based position sensitive detector (PSD) employing a very thin, highly doped p + -GaAs layer as a resistive layer were investigated. In addition to photovoltaic voltages, photovoltaic currents from a three-terminal PSD with two lateral electrodes and one transverse common electrode were also studied. In particular, lateral photovoltaic currents flowing into the two lateral electrodes and/or their differential values, instead of transverse photovoltaic currents were used as output signals. To do so, a PSD itself without power supply was proposed to realize its suitability for applications. When a 2 mW 638 nm light spot was used as an input, a position sensitivity of 38.5 µA/mm, a correlation coefficient (or linearity) of > 0.999, and a nonlinearity (or position error) of 1.25% were obtained for our GaAs-based PSD with a long distance of 14 mm between two lateral electrodes. Besides, an equivalent circuit with a point solar cell was proposed to successfully explain these photovoltaic currents found in various configured 2-terminal and 3-terminal PSDs.
I. INTRODUCTION
After the lateral photovoltaic effect (LPE) in a floating Ge p-n junction was firstly addressed by Wallmark [1] , such the LPE appearing in other configured structures [2] - [4] and nano-scale materials [5] - [7] was continuously investigated. A lot of researchers and groups have certainly paid intensive studies on these structures and materials having such the LPE. Surely, a wide range of application in a variety of optical transducers and sensors was then reported using the LPE concept [8] - [11] . One of the most important sensors is a so-called position-sensitive detector (PSD) that has its output of lateral photovoltaic voltage (LPV) changed linearly with a light-spot position [12] . Various applications of the PSD include those in area of precision optical alignment such as machine tool alignment, biomedical applications, robotic vision, remote optical alignment, and process control related alignment. Notice also that no power supply is required for such the PSD itself applied to detect the light-spot position. On the other hand, ones of important PSD structures previously reported generally include a p-n junction [13] , [14] and/or a metal-semiconductor structure [15] - [17] associated with the Schottky-barrier configurations. Concerning the major PSD's material previously employed, it is based on a thinfilm type of amorphous silicon with various configured structures [18] - [21] . Other works employing the LPElike concept for applications to PSDs were reported by Huang et al. [22] and Jin et al. [23] , respectively. Obviously, previous studies have really provided many impressive, interesting, and significant results. In particular, the LPV due to the LPE has been fully and completely understood to apply to high-linearity PSDs with a low nonlinearity. The further possible supplements and/or studies required are practical applications and theoretical consideration in lateral photovoltaic currents which are also found in known structures with the LPE. In addition, Du and Wang [6] have revealed that LPV and position sensitivity (S) can be approximately determined by (1) and (2) on the condition that the magnitude of light-spot position x is much smaller than the diffusion length of the majority carrier (λ).
where N 0 is the number density of the initial electron-hole pairs generated due to the light spot, L is the distance of the PSD between two coplanar electrodes, and K is a proportionality coefficient. These previous works also experimentally concluded that both the linearity and the sensitivity are strongly dependent on the L. Based on (1) and (2), it is obviously found that both the linearity and the sensitivity are exponentially decreased with increasing the L. This work reported on a GaAs-based p + -i-n + type PSD with lateral photovoltaic currents (LPCs) as output signals in view of above-mentioned and successful studies on PSDs in various materials and structures. In addition to layercompatible to the base-collector junction of a conventional InGaP/GaAs HBT, the GaAs-based p + -n − -n + can also be deposited independently. Obviously, a very thin but highly doped p + -layer was used as a resistive layer; a low-doped i-layer was employed as a light absorption layer; and a thick heavily-doped n + -layer was used as an equivalent potential layer, respectively. In addition to the LPVs, the LPCs flowing into coplanar electrodes employed as possible output signals were comprehensively studied and realized. To do so, our PSDs themselves without any power supply were considered and proposed. Experiments and measurements about our PSDs were described in the following section. A 2 mW 638 nm light spot focused at a beam size of 0.5 mm was used in the whole work. In Section III, important experimental results including both the photovoltaic voltages and currents were addressed with theoretical discussion and modelling circuit. For example, they are solar currents, composite currents, and sensing lateral photovoltaic currents of the fabricated GaAs-based p + -n − -n + PSD operated in both the lateral and transverse photovoltaic modes. Finally, conclusions were made. Fig. 1 (a) shows our major sensor structure consisted of a 600 nm GaAs layer highly doped to n + = 5 × 10 18 cm −3 , a 600 nm GaAs layer unintentionally doped to n − = 1 × 10 16 cm −3 , and a 80 nm GaAs layer highly doped to p + = 3 × 10 19 cm −3 . The very thin and highly doped p + -GaAs layer was employed as a resistive layer while it is festival to form a low-resistance Ohmic contact. Surely, such the thin and highly doped p + -GaAs layer is beneficial to enhance quantum efficiency. In addition, the thicker the n − -GaAs layer is the higher quantum efficiency is. When consider the sensor's response time, the optimized thickness of the n − -GaAs layer needs further consideration. The major sensor structure can be deposited on any suitable substrates by appropriate systems. Eventually, it is part of conventionally available InGaP-GaAs heterojunction bipolar transistors (HBTs) grown on a semi-insulating GaAs substrate by a metal organic vapor deposition (MOCVD) system. Where, silane (SiH 4 ) and carbon tetrachloride (CCl 4 ) were used as the n-and p-type dopants, respectively. The proposed GaAs p + -n − -n + PSD was fabricated with three terminal (3T) electrodes by conventional processes including optical lithography, thermal evaporation, and wet etching techniques. It was fabricated with lateral electrodes A, B and a common electrode C, as shown in Fig. 1(a) . Firstly, the p + -and n − -GaAs layers were removed to define the active region of the PSD and to expose the n + -GaAs layer. An etching solution used is 6NH 4 OH:
II. EXPERIMENTAL
Then, AuGeNi alloyed metal was deposited upon the n + -GaAs layer to form the common electrode C by rapid thermal annealing (RTA). Finally, an optical mask having two contact windows separated by L = 14 mm was used to deposit AuZn alloyed metal on the p + -GaAs layer to form the two lateral electrodes A and B. No further annealing was required for both the lateral electrodes due to the highly doped p + -GaAs layer. A resistance between the two lateral electrodes was measured to be R AB ≈ 420 . Current-voltage (I-V) characteristics of the p + -n − -n + diode also confirm Ohmic properties of the common electrode C upon the n + -GaAs layer. Each lateral electrode has its metal length and width of 2 and 5 mm, respectively. Notice also that the common electrode C was formed to surround the sensor active region. Fig. 1(b) shows an experimental set-up system employed to measure the lateral photovoltaic characteristics including lateral photovoltaic voltages, currents, and transverse photovoltaic voltages (LPVs, LPCs and TPVs). The PSD was tested with a focused 638 nm light spot driven by a Keithley 2400 Source Meter. The light beam impinging on the PSD surface was chopped (Stanford Research Systems, INC. Model SR540) and the output voltage was extracted by an oscilloscope (Tektronix MSO2024B). Measurements of LPVs and TPVs were previously described elsewhere [22] . However, some of key features in the present work are that various photovoltaic currents were measured based on our three-terminal PSD. These photovoltaic currents are (i) solar currents measured between the electrodes A and C by shorting the electrode B to A; (ii) composite currents measured between the electrodes A and C by shorting the electrode B to C; (iii) linear two-terminal currents measured between the electrodes A and B by floating C; (iv) rectifying twoterminal currents measured between the electrodes A and C by floating B; and (v) sensing currents measured between the electrodes A and C (and the electrodes B and C) by shorting the electrodes A and C while the electrode B is shorted to C (the electrodes B and C while the electrode A is shorted to C). Fig. 2 (a) shows static lateral photovoltaic voltages (LPV AB values) as a function of light-spot position (x) on the p + -GaAs layer. The 638 nm light spot used is well controlled at a power of 2 mW. Notice also that the static LPV AB values between the electrodes A and B was surely measured after the light spot was incident on the p + -GaAs surface for several seconds. Measurements were always performed according to those reported elsewhere [22] . Common characteristics of our position-sensitive detection were obtained as previous works [2] , [23] . When the light spot is located at the midpoint (point O) between the two coplanar electrodes, the measured LPV AB is close to zero. If x is positive, the measured LPV AB is positive. Contrarily, the LPV AB is negative when x < 0. In particular, it is found that the curve is highly linear, indicating a large diffusion length of the majority carrier associated with our GaAs-based sensor structure. Such the linearity of LPV AB vs. x characteristics allows a simple and low-cost back-end circuit. However, LPV AB values will abruptly decrease as x is beyond ±7 mm. This is because that the light is blocked by the electrodes which have an electrode spacing of 14 mm. Therefore, the abruptly reduced number density (N 0 ) of the initial electron-hole pairs in (1) well explains such the decrease in LPV AB values. The maximum LPV AB values are ±72 mV with a sensitivity of 11 mV/mm.
III. RESULTS AND DISCUSSION

A. PHOTOVOLTAIC VOLTAGES
Other sensing properties of our 3T PSD were shown in Fig. 2(b) . They are transverse photovoltaic voltages between the electrodes A and C (B and C), TPV AC (TPV BC ), measured by scanning the light spot across the p + -GaAs layer. We find that both the TPV AC and the TPV BC are positive and correlate with the light-spot position, x. When the light spot travels from the electrode B, through the midpoint, and then to the electrode A, the TPV AC is increased from 599 mV to 657 mV in an exponential dependence expressed as: y = y 0 + A× exp(αx). Here, y 0 = 537.5 mV, A = 84.7 mV, and α = 0.621 cm −1 with the magnitude of a correlation coefficient of R = 0.9960. However, the TPV BC is decreased from 661 mV to 598 mV in an exponential dependence expressed as: y = y 1 + B × exp(−βx). Here, y 1 = 571.9 mV, B = 48.5 mV, and β = 0.961 cm −1 with the magnitude of a correlation coefficient of R = 0.9974. Notice also that it is reasonable for LPV AB , TPV BC , and TPV AC to be symmetric based on position of zero mm, regarding switchable lateral electrodes A and B. In addition, we find the measured TPV AC and TPV BC values are obviously much larger than LPV AB values. Detailed analyses and consideration including TPV AB (TPV AC − TPV BC ) vs. x characteristics have already been discussed. Clearly, TPV AB coincides with the measured LPV AB in Fig. 2(a) and keeps a good linearity with the light-spot position. Calculated linearity of the TPV AB is R > 0.999 with an S = 11.1 mV/mm. Clearly, photovoltaic voltages of our 3T PSD show highly similar results reported in [15] . 
B. PHOTOVOLTAIC CURRENTS
Solar-type currents: Solar-type currents of our proposed PSD were measured by shorting the electrodes A and B while an applied voltage was provided between the electrodes A and C. Shown in Fig. 3(a) are the solar-type currents as a function of applied voltage for the proposed 3T PSD irradiated by a 638 nm light spot with a power of 2 mW. A parameter used is the position of the light spot away from the midpoint between the two coplanar electrodes A and B in Fig. 1(a) . It is found that the light-spot position (x) plays very few effects on the measured solar-type currents. Clear photovoltaic properties such as a short-circuit current of 0.588 ± 0.021 mA, an open-circuit voltage of 0.623 ± 0.001 V, and a conversion efficiency of 12.5% were extracted. On the other hand, a quantum efficiency of 57.2% was also calculated according to (3) [25] .
where q, h, and c are the elementary charge, the Planck's constant, and the speed of light, respectively. Besides, I L , λ P , and P are the solar-type current generated by the light spot, the wavelength and the power of the light spot, respectively. A calculated spectral response of the PSD at 638 nm is 0.294 A/W. In addition, according to our previous work in which a 638 nm light spot was used to compensate a shortcircuit current density of the key subcell in a multijunction solar cell, a quantum efficiency over 70% for the GaAs layer was available. Eventually, a thicker absorption layer for our p + -n − -n + sensor structure is considered for improving the sensitivity [26]- [28] .
Composite currents: Fig. 4(a) shows composite currents of the 3T PSD measured by shorting the electrode B to the common electrode C and applying an adjustable voltage (V a ) between the electrodes A and C. The position (x) of the 2 mW 638 nm light spot was used as a parameter. It is found that the composite currents are almost linear to V a < 0.6 V while they are exponentially increased with increasing V a > 0.6 V. In addition to linear region of a resistor and conduction region of a diode, photovoltaic region of a solar cell was also observed for the 3T PSD under test. An enlarged view of the composite currents at V a = 0 V was inset to clearly show such the photovoltaic region. A current-voltage curve in the dark is also included where the photovoltaic region was not found. In order to further realize both the linear region of a resistor and the conduction region of a diode associated with the 3T PSD in the dark, I-V curves of other two 2T PSDs were measured, as shown in Fig. 4(b) . One 2T PSD is measured by floating the electrode B and the other is measured by floating the common electrode C. As a result, (i) a rectifying behavior (solid line: I AC vs. V AC ) with a turnon voltage of V on ≈ 0.7 V was found for the 2T PSD with a floating electrode B; and (ii) an Ohmic property (dashed line: I AB vs. V AB ) with an equivalent resistance of 420 was determined for the 2T PSD with a PSD in the dark. Thus, an equivalent circuit illustrated in Fig. 5(a) is employed for the 3T PSD in the dark. Since the electrode floating electrode C. Notice also that the total current (I AC + I AB ) resulting from the two 2T PSDs is nearly equal to that of the 3T B is shorted to the common electrode C, a resistor (R AB ) is used to be equivalent to the p + -GaAs layer between the two lateral electrodes A and B while a diode (D AC ) is to the p + -n − -n + GaAs layers between the vertical electrodes A and C. At the situation, the composite current (I a vs. V a ) is clearly determined by (I AC + I AB ). When a V a < 0.6 V is applied, the D AC is in off-conduction (i.e., I AC ≈ 0). The measured I a is obviously dominated by R AB to show the linear region ((I a ≈ I AB ) vs. V a ). For example, the measured I a @V a = +0.25 and −0.25 V are 0.594 and −0.589 mA, respectively, corresponding to a resistor of ∼ 420 . On the other hand, D AC starts conducting when the V a is larger than 0.65 V. At the situation, the measured I a should be equal to the sum of I AC and I AB , which will be finally dominated by I AC to show the conduction region of D AC (i.e., (I a ≈ I AC ) vs. V a ). The illustrated circuit is well used to be equivalent to our 3T PSD in the dark.
In view of understanding the photovoltaic region of a solar cell found in the present 3T PSD, current differences of the I-V curves between in the dark and under a light spot are extracted at x= −6 mm, as shown in Fig. 6 . Photovoltaic properties were obtained including a shortcircuit current of 0.1546 mA and an open-circuit voltage of 0.93 V. Together with a fill factor of 67.7%, a maximum power of 0.0974 mW with a conversion efficiency of 4.87% was obtained. Accordingly, another equivalent circuit is proposed by adding a point solar cell at the light-spot position (x). It is illustrated by Fig. 5(b) with the point solar cell modeled by both a diode D S and a photo-generated current source I L . Where, R A (R B ) denotes a resistance between the electrode A (B) and the light spot position. I A (I B ) coming from I L is the current flowing into the electrode A (B). Notice also that V S across at the D S is the voltage at the position x. Thus, I a related to V a can accordingly be expressed as (4) .
When an applied voltage (V a ) is not large enough to turn on the D AC (i.e., I AC ≈ 0), the I a will be measured as (5) .
At the moment, V S at the light-spot position is as small as expressed in (6) so that the D S is still in off-conduction. This is why we find in Fig. 6 that the photovoltaic current is nearly independent of V a < 0.6 volt.
We find in Fig. 6 that I A of 0.1546 mA together with R A < R AB = 420 produces the V S smaller than 0.1 volt at V a = 0 V. Obviously, such the small V S is really unable to turn on the D S . The V S is increased by increasing V a while it is not large enough, the D S will be still in off-conduction leading to a I S ≈ 0 mA. Both the I A and the I B are nearly independent of V a and they are determined by R A and R B . However, the D S will be finally in on-conduction when the V a and hence the V S are large enough. The current flowing through D S no longer has a zero value. Both the I A and the I B now decrease with increasing V a and finally reach to zero. Our equivalent circuit well describes current-voltage characteristics of the 3T PSD irradiated by the light spot.
C. SENSING CHARACTERISTICS AND CONSIDERATION
Based on above-mentioned studies on our 2T and 3T PSD, the x-dependent I A is proposed as a sensitive signal corresponding to the light-spot position. Thus, sensing currents of the studied PSD under proposed consideration were employed as above-required signals. Eventually, the I a at V a = 0 volt is the first proposed condition. To do so, no additional power supply is required for our position detection. Note that in addition to shorting the electrodes A to C, the electrode B is also shorted to the electrode C. This is 
where R AB = R L + 2R C and R L is the resistance of the p + -GaAs bulk layer between electrodes A and B while R C is the contact resistance between the AuZn metal and the p + -GaAs layer. Since I L the photo-generated current due to the 2 mW 638 nm light spot is experimentally equal to (I A + I B ), the I A can then be expressed as (8) .
and
Obviously, an idealized linearity of 100% (i.e., R = 1) is theoretically obtained due to constant values of I L , R L , R C and L. A smaller R C and/or a larger R L and/or a shorter L are more beneficial to S. However, they always conflict each other. Fortunately, the I L is the best option considering a high sensitive PSD. Concerning the I L and hence the lateral photovoltaic currents (I A and I B ), they generally show linear relationship to the light-spot power. However, the LPVs display an approximately logarithmic dependence on the light-spot power smaller than 5 mW and they finally saturate at larger light-spot power [7] , [15] . It is thus concluded that (i) lateral photovoltaic currents as the PSD's signals are more beneficial for improving S when a higher light-spot power is used; and (ii) to improve S in the unit of mA/mm, further detailed theoretical consideration and simulation have to be performed. to show a sensitivity of 19.61 µA/mm with a linearity of > 0.994. Nonlinearities calculated are somewhat large (6.58 and 7.1%, respectively). Eventually, nonlinearities of less than 15% are considered acceptable [12] . When the differential LPCs as a function of x is concerned, a fitting line is obtained as y = −38.53.x−19.44 (µA). A sensitivity (38.53 µA/mm) about 2-fold of those in the I A vs. x and the I B vs. x characteristics is obtained with a high linearity over 0.999. A nonlinearity of < 1.25% is also calculated. An offset dark current due to the differential process may explain these PSD improvements. Besides, with known and/or experimentally available L = 14 mm, I L ≈ 0.6 mA, and R AB ≈ 420 , both linearity and sensitivity are in good agreement with those in our proposed equivalent circuit.
IV. CONCLUSION
In addition to photovoltaic voltages, photovoltaic currents measured in various configured 2T and 3T GaAs-based p +n − -n + PSD were comprehensively investigated in this work. Our PSDs were fabricated with two coplanar electrodes on the p + -GaAs layer, which were separated with a distance of 14 mm. A common electrode was deposited on the n + -GaAs layer to form a 3T PSD. When a 2 mW 638 nm light spot is incident on the PSD, experimental results reveal that a quantum efficiency of 57.2%, a spectral response of 0.294 A/W, and a solar conversion efficiency of 12.5%. On the other hand, in addition to a linear region and an on-conduction region, a photovoltaic region was also found in composite current vs. applied voltage characteristics. Equivalent circuits were proposed to well explain these photovoltaic currents. Then, the x-dependent lateral photovoltaic currents were employed as output signals of the PSD without any power supply. Differential lateral photovoltaic currents as a function of the light-spot position show a high linearity of > 0.999 with a sensitivity of 38.53 µA/mm and a nonlinearity of 1.25%, indicating such the newly configured 3T concept is very promising for constructing a differential-type PSD.
